INTRODUCTION
Vaccination as a preventive immunization approach has been used over two centuries to reduce the burden of human and non-human animal infectious diseases. Indeed, the worldwide mortality and morbidity caused by various infectious diseases declined drastically with the introduction of vaccination. The eradication of smallpox, which started with the first smallpox immunization by Edward Jenner in 1796 [1, 2] , is the most impressive example of vaccine success [3] . Since then, the pace of vaccine development has accelerated dramatically. A range of new vaccines have emerged and their success has resulted in a reduced prevalence of infections caused by polio, mumps, rubella, measles, rotavirus, and varicella [4] . Vaccination has gradually become standard practice for the prevention of infectious diseases worldwide. However, despite the successes of conventional wholeorganism-based vaccinations, certain limitations still hamper their universal application. For example, pathogens present in the live-attenuated vaccine may revert back to virulent form and trigger disease [5] . In contrast, killed microorganisms have no ability to induce disease and their poor immunogenicity usually means that multiple booster doses are required to achieve a sufficient immune response [6] .
Whole-pathogen-based vaccines also often carry reactogenic components (e.g. whole-cell pertussis vaccine) [7] that are associated with undesirable adverse effects with mild to fatal consequences. Furthermore, traditional vaccine designs are not applicable for several pathogens (e.g. hepatitis B, hepatitis C and human papillomavirus) due to the difficulty in, or even inability, to culture them [8] . There is still no vaccine against lethal infectious diseases, such as malaria and rheumatic heart disease caused by group A streptococcus (GAS, Streptococcus pyogenes) [3, 9] . To address and overcome these hurdles, new types of vaccine have emerged over the past several decades.
The current focus of vaccine development has moved from conventional vaccines to subunit vaccines [10] . The greatest advantage of subunit vaccines is that they exhibit an improved safety profile in comparison to conventional vaccines, which is the primary concern in modern vaccine development. Subunit vaccines are designed to contain only particular antigens, which are composed of antigenic peptides, polysaccharides or proteins, allowing for the removal of redundant components and, consequently, reducing the risk of allergic or autoimmune responses [11] [12] [13] . Moreover, subunit vaccines can be customized; for example, by being able to carry antigens against different life stages of a pathogen. They can also be produced economically and over a large scale. However, antigenic peptides and proteins are not highly immunogenic, as the removal of redundant pathogen compounds from a vaccine also removes most of the "danger signals", which naturally trigger activation of the immune system. To overcome this problem, external "danger signals" called "immune stimulators" or adjuvant have been utilized in subunit vaccine design [14] [15] [16] [17] . The addition of adjuvants and/or delivery systems are required to enhance vaccine efficiency through stimulating Antigen Presenting Cells (APCs) (e.g. dendritic cells, DCs) and prolonging the vaccines halflife [12, 18, 19] . However, only a limited number of adjuvants have been licensed for specific vaccines and these are approved for use only in certain countries. Most of these adjuvants are oil-based formulations (e.g. liposomes, MF59 and AS21) [14] , which are not always effective, especially when used in combination with a poor immunogen, such as peptides. Thus, to improve vaccine performance, the further modification of delivery systems and/or adjuvants is required. The incorporation of Cell-Penetrating Peptides (CPPs) in vaccine delivery systems may improve antigen uptake by APCs and, therefore, can be considered as a safe alternative or additive to classical adjuvant formulations.
CPPs have the ability to overcome the permeability barrier of cell membranes and are able to enter the cell interior in a non-invasive manner without the assistance of membrane proteins [20] . CPPs have been thoroughly explored for the delivery of various cargos, such as peptides, nucleic acids, proteins, nanoparticles and liposomes, into cells [21] [22] [23] . CPPs are generally short peptides composed of 5-30 amino acids. They are classified into three major categories: cationic, amphipathic and hydrophobic ( Table 1 ) [24] . In 1988, The first CPP (Tat) was found within the Human Immunodeficiency Virus (HIV) transactivating regulatory protein [25, 26] . A few years later, penetratin (Antp) was discovered in the Drosophila antennapedia homeodomain protein. These two peptides exhibit cationic characteristics and are the most intensively studied of all CPPs. Following their discovery, a large number of protein-derived CPPs have been identified. Subsequently, based on the structure of these natural-derived CPPs, a group of artificial CPPs was designed, including polyarginine [27] , polylysine [28] and MPG [29] . Since CPPs are usually nontoxic and can be easily and economically produced, they have been widely applied in drug delivery systems. More recently, CPPs have been suggested as a promising agent for vaccine delivery. CPPs were often fused with antigens to achieve efficient cell membrane translocation, enhancing antigen uptake, processing and presentation by APCs. CPPs have also been incorporated into several DNA vaccine candidates to facilitate the transport of genetic material through nuclear and plasma membranes. Here, we review the mechanisms of CPP action, their interactions with immune cells and their application for vaccine delivery. 
MECHANISMS OF CELL-PENETRATING PEP-TIDE INTERNALIZATION
Although the exact mechanisms of CPP internalization are not fully understood, the uptake pathways of CPPs have been generally classified as non-endocytic (resulting in the delivery of cargo to cytoplasm) and endocytic (passing of cargo to lysosomes). These pathways differ significantly in the internalization processes of CPPs and CPP-cargo. In addition, some CPPs can enter the cytoplasm through endocytic mechanisms [43] . For instance, Tat peptide can be internalized through three endocytic pathways: macropinocytosis, clathrin-and caveolae/lipid-raft-mediated endocytosis [44] . Moreover, different cargo attachments to CPPs influence their uptake pathways. For example, while Tat conjugated with protein used lipid raft-mediated endocytosis, it used clathrin-dependent endocytosis when embedded with fluorophore [45, 46] .
Non-endocytic Pathway
The non-endocytic uptake pathway, also known as the direct-penetration internalization pathway, occurs through pore formation, inverted micelle formation or the carpet-like mechanism; all are energy-independent [47] .
In the non-endocytic pathway, CPPs can be taken up by pore formation mechanisms that follow barrel-stave [48] or toroidal models [49] (Fig. 1A and B) . In the barrel-stave model, the hydrophobic peptide regions of CPPs align with the lipid core after CPP insertion into the membrane bilayer, while the hydrophilic regions of CPPs form the interior part of the pore. Then, CPP is delivered into the cytoplasm; however, this can damage the cell membrane. In the toroidal model, CPPs attach to the cell surface, then enter the cell membrane. The insertion of CPPs induces continuous bending of the lipid monolayers towards to the pore. Therefore, the inserted peptides and the lipid headgroups both develop transient water pores [50] . CPPs can then enter the cytoplasm through this water pore. The inverted micelle model was first proposed for the penetration of penetratin by Derossi et al. in 1988 . In this model [51] , charged proteinderived CPP residues interact with phospholipids on the membrane surface. The hydrophobic part of the peptide then interacts with the membrane, which leads to the formation of the inverted micelle (Fig. 1C) and CPPs or CPP-cargo are transferred inside the cell [52, 53] . In the carpet-like model, CPPs cover the surface of the membrane in a carpet-like manner through linkages between charged domains of CPPs and the cell membrane. Subsequently, the hydrophobic part of peptide is flipped by the hydrophobic core of the membrane, contributing to the disruption of the membrane (Fig.  1D) , which finally allows the translocation of cargo [54] .
Endocytic Pathways
In addition to uptake by non-endocytic internalization, CPPs can also be translocated into the cytoplasm through energy-dependent endocytosis, which can be classified into four dominant pathways: micropinocytosis, clathrin-, or caveloaemediated endocytosis and phagocytosis (Fig. 2) [55, 56] .
Macropinocytosis is one of the major endocytic pathways for CPPs with large cargo attached ( Fig. 2A) . CPPs carrying the cargo firstly interact with membrane-associated proteoglycans, contributing to the activation of rac protein from the cytoplasm. Subsequently, signals from the rac protein trigger F-actin (filamentous actin) organization. After that, the CPPcargo complex is absorbed into the cell by macropinocytosis [57] . Arginine-rich CPPs, as a highly positively charged molecule [58] , typically undergo clathrin-mediated endocytosis for internalization (Fig. 2B) ; Arginine-rich CPPs typically undergo clathrin-mediated endocytosis for internalization (Fig. 2B) ; CPP-cargo is first attached to cell membrane receptors, then epsin protein interact with the cell membrane to generate a curvature and also recruits clathrin and heterotetrameric protein (AP-2) to form a pit beneath the cell membrane. After the invagination of the cell membrane, this pit finally develops into clathrin-and AP-2-coated complex vesicle in the cytoplasm. Ultimately, an uncoating process is activated to release the CPP-cargo, which can also proceed to endosome [59] .
Amphipathic Pro-rich or Tat -dominated CPPs were often found to be internalised through caveloae-mediated endocytosis (Fig. 2C) [60, 61] . Caveloae-mediated endocytosis, also known as lipid raft endocytosis, depends on invagination (as with clathrin-mediated endocytosis), but is associated with caveolin and cavin-1 interaction instead of clathrin. In the first stage of this pathway, the CPP-cargo complex binds to specific receptors on a lipid raft domain in the cell membrane that has various chimeric proteins and cholesterol. Then, cavin-1 connects each caveolin. With increased density of caveolin and cavin-1 complexes under the cell membrane, a pit is developed. Finally, a vesicle containing the CPP-cargo complex is invaginated following the formation of a helical tube around the neck of the vesicle by the polymerization of the Gtpase, dynamin [61] . The translocation Fig. (1) . Non-endocytic CPP uptake mechanisms: A) barrel-stave model; B) toroidal model; C) inverted micelle; D) carpet model. of CPP through the phagocytic uptake pathway occurs primarily in specialized cells, such as DCs and macrophages (Fig. 2D) [62] . CPP cargo carriers are recognized extracellularly and tagged by opsonins (such as immunoglubulin (Ig) G and complement components), which enables CPPs to be recognized by specialized cells. The CPP complex can then be attached to the Fc receptor in the cell membrane, which stimulates actin assembly and generates a membrane coat for CPPs. Finally, the cargo can be translocated into the cytoplasm [63] .
Although receptor-mediated uptake of CPP is widely reported, there is no clear evidence of which receptors CPPs can bind to. The receptors identified as being involved in CPP uptake are actually related to the cargo of the CPP, not the CPP itself. For example, CPPs recruit type A scavenger receptors to the plasma membrane for cellular delivery of nucleic acids [46] .
CPP AND THE IMMUNE SYSTEM

The Human Immune System
The immune system identifies threats to its host and eliminates pathogens without damaging host cells [64] . Antigens are molecular substances that are characterized by two major functions: immunogenicity (the ability to induce immune response) and antigenicity (the ability to be recognized by antigen-specific receptors on the cells of the immune system). Human immune responses have been broadly classified into two categories: innate immunity and adaptive/acquired immunity (Fig. 3) . As the name suggests, innate immunity consists of the immunological responses that a body is programmed to produce from birth. It is the first line of defence (after the physiological barriers) and it recognizes general molecular patterns that are foreign to the body. Acquired immunity caters to the need to protect the body after encountering an antigen for the first time. It is a more specific immune response that recognizes particular antigens from invading pathogen.
Innate immune responses rely on a limited variety of receptors to detect invading pathogens. These receptors, known as Pattern Recognition Receptors (PRR), are expressed by most of the innate immune effector cells and bind to conserved regions, known as pathogen-associated molecular patterns (PAMPs), of a plethora of pathogens [65, 66] . Cells involved in innate immune responses include macrophages, DCs, and granulocytes. These effector cells all act as APCs and bear the major histocompatibility complex (MHC). The function of the MHC receptor is to display peptide fragments derived from digested pathogens/antigens, called epitope [67] . While all nucleated cells express MHC Class I receptors, only APCs express MHC Class II receptors.
Long-term adaptive immunity is the ability of individuals to quickly trigger an immune response against a pathogen that was previously encountered by the immune system [68] . T lymphocytes (T cells) provide cellular immunity and B lymphocytes (B cells) provide humoral immunity. Processed antigen presented on the surface of phagocytic cells is detected by T Cell Receptors (TCRs 
CD4
+ cells with CD4 surface molecules are also called T helper (T h ) cells as they help to trigger humoral immunity [69] . T h cells are further classified according to the cytokines they produce. T h 1 cells secrete interleukin 2 (IL-2), interferon gamma (IFNγ) and tumour necrosis factor beta (TNFβ). T h 2 cells release most of the interleukins, such as IL-4, IL-5, IL-6 and IL-10, needed to trigger the activation of B cells, which results in antibody secretion by plasma cells. IFNγ is crucial in activating the Cytotoxic T Lymphocytes (CTL) that induce cell-mediated immunity. Hence, while T h 1 cells are associated mainly with cell-mediated immunity, T h 2 cells are crucial for humoral immunity [70] .
Humoral immunity involves the production of antibodies by plasma cells. Plasma cells are B cells that have been triggered by T h cells for antibody secretion [71] . Antibodies are immunoglobulin molecules that consist of two heavy chains and two light chains. The variable region of the antibody forms the antigen-binding region (Fab). Variability arises from gene recombination, which helps the antibody to bind to a variety of molecular structures [72] . Antibodies exist in two different forms: secreted antibodies are present in the serum, while membrane-bound antibodies are found on the B cell surface as B Cell Receptors (BCRs). Activation of B cells occurs when they encounter an antigen; however, further, activation results from cross-linking by T h cells. Se- creted antibodies play an important role in opsonization, the process where antibodies attach to the antigen and, with the help of certain complement proteins, induce the destruction of the antigen through phagocytosis [73] .
CD8 surface molecules are found on cytotoxic T cells (CD8 + T cells). They are heterodimers that bind to MHC Class I molecules present on all nucleated cells. CD8 + cells play three important functions in the clearance of antigens: they secrete cytokines for anti-tumor and anti-microbial activity, generate and release cytotoxic granules, and destroy infected cells with the help of Fas receptors on target cells [74] .
The fundamental features of adaptive immunity are: immunological memory, immunologic-specificity and selftolerance [75] .
Immunological memory occurs through the generation of memory T cells and memory B cells by multiple pathways. After the elimination of invading pathogens, most of the lymphocytes die; however, a small portion of them get converted to memory cells. Signalling by certain cytokines, such as interleukin 7 (IL-7), is crucial for the survival of memory cells [76] . Important features of memory cells include high sensitivity in case a secondary infection occurs, rapid proliferation in the presence of an antigen, quick differentiation to plasma cells and a long lifespan [77] .
Immunologic-specificity arises from pathogen-specific receptors that develop due to somatic gene recombination that occurs during the generation of lymphocytes. The recombination (known as V(D)J recombination) creates variations in B cell and T cell receptors. V(D)J recombination implies that variable (V), diversity (D) and joining (J) gene segments on the antigen-recognition sites of B cell receptors and T cell receptors are involved.
Self-tolerance, or the ability of the immune system to recognise the body's own cells and not destroy them along with the pathogens, is an important feature of the mammalian immune system. Lymphocytes are deleted when they become specific for self-antigens present in generative lymphoid organs. Certain self-antigens are also "ignored" by immune cells due to the absence of secondary signals for an immune reaction [78] . Failure of proper recognition of selfantigens can lead to multiple autoimmune diseases.
The Role of CPP in Triggering Immune Responses
A major consideration in the development of subunit vaccines is the components' ability to stimulate the required level of immune response. To trigger an adaptive immune response, peptide epitope formed from processed antigen needs to be recognized by MHC I and II receptors inside the host cells, principally APCs. Therefore, an antigen must first be recognized and taken up by APCs; hence, the attractiveness of CPP-based vaccine delivery systems that can efficiently deliver antigens into the APCs [79] . Moreover, these delivery systems can deliver antigen directly into the cytoplasm, mimicking viral infections or cancerous cells.
As mentioned, CPPs can transport an antigen into the cytoplasm using direct mechanisms or the phagocytic uptake pathway characteristic to APCs [62] . The delivered antigen is digested by proteasomes in the cytoplasm, recognized and presented by MHC Class I on the cell surface, thereby activating cytotoxic T lymphocytes [80] . Moreover, CPPs can also stimulate the uptake of antigens via endosomes and their presentation by MHC Class II molecules. Therefore, CPPs as a vaccine component should be able to improve both cellular and humoral immune responses.
APPLICATIONS OF CPPS IN VACCINE DELIV-ERY
CPPs have been used extensively over the past decade to improve vaccine formulations. The intracellular delivery of antigens into APCs is a fundamental step in vaccines' ability to induce immune responses. Although the mechanism(s) of cellular uptake of CPP remains unclear, CPP has been employed to deliver DNA, protein and peptide-based antigens to enhance both cellular immune responses via the delivery of antigen directly to the cytoplasm, and humoral immune responses where antigens are delivered through the endocytic pathway. Cationic CPPs are a class of CPPs that contain a high positive charge and, as the most prominent group of CPPs, they are frequently utilized as carriers to deliver a range of therapeutic targets, including both small molecules and large constructs (e.g. nanoparticles and liposomes) [81, 82] .
Tat
Tat, also known as HIV Tat protein transduction domain (PTD), is a highly positively charged peptide and is the most widely used CPP in drug and gene delivery ( Table 1) . Not surprisingly, in the vaccine delivery field, Tat is also the most common CPP used for protein and gene delivery. For example, Bahadoran et al. reported an influenza virus (H5N1) vaccine candidate that was constructed based on a DNA plasmid (pBud) and encoded the antigenic H5 gene carried by Tat modified polyamidoamine (PAMAM) dendrimer [83] . This vaccine candidate was prepared as a mixture of Tat-PAMAM/pBud-H5 at N/P ratio 6. A significantly higher expression of the H5 gene in blood was observed in mice transdermally vaccinated with Tat-PAMAM/pBud-H5 compared to the native PAMAM/pBud-H5 immunized mice. Thus, as expected, Tat-enhanced the distribution of the H5 gene in the tissues of immunized mice. Subsequently, interferon-regulatory factor (IRF3) gene as a genetic adjuvant was added to pBud-H5 and encoded by the plasmid. Mice immunized with pBud-H5 carried by Tat-PAMAM dendrimer showed a significant increase in the antigen-specific CD4 + and CD8 + T lymphocyte populations in comparison to the group immunized with pBud-H5/native PAMAM dendrimer, whereas the highest population of antigen-specific CD4 + and CD8 + T cells was observed in mice vaccinated with pBud-H5-IRF3/Tat-PAMAM dendrimer. Moreover, mice treated with Tat-PAMAM/pBud-H5-IRF3 produced a significantly higher level of IFN-γ compared with PAMAM/pBud-H5-and Tat-PAMAM/pBud-H5-immunized mice.
The mucosal surface of the vagina as a primary entry portal of HIV has been considered as an attractive site for HIV vaccination. However, HIV vaccines designed based on recombinant adenovirus (rAd) vectors are not effectively translocated through mucosal layers. Adenoviruses are non-enveloped viruses containing linear double-stranded DNA. They have been widely applied as gene delivery vectors due to the presence of adenovirus receptors on most human cells. Ji et al. designed self-assembled nanocomplexes (Ad-Tat-APS) formulated via electrostatic interaction between rAd, Tat and a polyethylene glycol derivative (APS) [84] . rAdTat-APS was able to efficiently cross the mucus layer and enter the vaginal epithelium in in vitro experimentation. In the in vivo validation study, the antigenic HIVgag p24 gene was added to the rAd vector. Mice intravaginally immunized with rAd/HIVgag-Tat-APS nanocomplexes produced enhanced HIVgag-specific CD8 + and CD4 + T cell responses and higher levels of HIVgag-specific IgA and IgG in the vaginal cavity and serum compared to mice immunized with rAd/HIVgag, rAd/HIVgag-Tat.
The ability of Tat to improve DNA delivery to cells has been used not only for DNA-based vaccines but also for DNA adjuvants. As the Tat peptide can be taken up directly into the cytoplasm, it has found application in the delivery of antigens where a cellular immune response is desired. Several Tat fusion protein-based vaccines were incorporated with DNA adjuvant. For instance, Tang et al. created a peptide-based nanoparticle vaccine against cervical cancer [85] . Human papillomavirus (HPV) E7 oncoprotein was chosen as a cellular target, as E7 is responsible for HPV-induced carcinogenesis, cellular immortalization and transformation [86] . The granulocyte-macrophage colony stimulating factor (GM-CSF) gene was encoded by a negative plasmid (pGM-CSF), which self-assembled with a cationic fusion peptide bearing Tat and E7 [49] [50] [51] [52] [53] [54] [55] [56] [57] peptide (Tat-E7), a cytotoxic T lymphocyte (CTL) epitope. GM-CSF is a widely used adjuvant in vaccine design, with a potent ability to activate the proliferation and maturation of DCs [87] . Transmission electron microscopy (TEM) showed that the complex (peptide/plasmid) prepared at N/P ratio 2 formed stable, relatively homogeneous and dense nanoparticles with approximate diameters of 20-80 nm. Condensing plasmid GM-CSF into small particles can protect it against degradation in vivo and enhance its uptake by host cells. Mice immunized with nanoparticles Tat-E7/pGM-CSF had higher numbers of E7 specific functional T cells than those immunized with polylysine-E7/pGM-CSF, Tat-E7/empty plasmid, Tat-E7 in IFA, E7 in IFA, and PBS. To determine if the enhanced E7-specific response induced by Tat-E7/pGM-CSF could prevent tumor growth, mice were immunized two times with the nanoparticles and then challenged with TC-1 tumor cells. More than 60 days after the tumor challenge, most of the mice immunized with the nanoparticles (Tat-E7/pGM-CSF) were tumor-free (90%), whereas only 60% of mice immunized with similarly positively charged nanoparticles (polylysine-E7/pGM-CSF) were tumor free. Mice treated with other formulations (Tat-E7/control plasmid, Tat-E7, E7, and PBS) grew tumors rapidly. In addition, TC-1 tumorbearing mice vaccinated with Tat-E7/pGM-CSF on days 3 and 10 after tumor inoculation exhibited a significant reduction in tumor growth compared with the tumor-bearing mice from other groups (polylysine-E7/pGM-CSF, Tat-E7/plasmid empty, Tat-E7 in IFA, E7 in IFA, PBS). In longterm tumor protection experiments, mice were challenged with TC-1 tumor cells on day 60 after the last vaccination. Four out of the five mice immunized with Tat-E7/pGM-CSF were tumor free, while only two of five mice from the polylysine-E7/pGM-CSF group and one of five mice from the Tat-E7/control plasmid group remained tumor free. In contrast, all mice from the Tat-E7 in IFA, E7 in IFA, and PBS groups progressively grew tumors.
Yang et al. produced an anticancer vaccine based on a virus-sized particle, in which Tat was fused with survivin [85] [86] [87] [88] [89] [90] [91] [92] [93] CTL-epitope and self-assembled with a DNA adjuvant [88] . Survivin is involved with the regulation of cell apoptosis, division, migration and metastasis in tumors and is considered to be a potentially relevant target in hampering the progression of tumors. Tat-survivin [85] [86] [87] [88] [89] [90] [91] [92] [93] fusion peptide was mixed with the plasmid encoding murine IL-15 gene, which acted as an adjuvant, at the peptide/DNA charge ratio of 2/1 to form Tat-survivin/pIL-15. Heterogeneous and dense particles with diameters of 50-400 nm were observed with TEM. In in vitro trials, Tat-survivin/pIL-15 not only effectively mediated the transfer of material into the cell and the expression of the IL-15 gene, but it also improved survivin [85] [86] [87] [88] [89] [90] [91] [92] [93] APC uptake and processing. Mice immunized with Tat-survivin/plasmid without IL-15 induced significantly higher survivin specific IFN-γ levels than the PBS group even five months after the last immunization, but at lower levels than mice vaccinated with Tat-survivin/pIL-15. A rather poor antitumor response from Tat-survivin/pIL-15 was observed in a CT-26 tumor challenge, in which mice were inoculated with tumor cells seven days before immunization. Tumor volume expanded steadily in mice immunized with Tat-survivin/pIL-15, whereas a rapid increase of tumor volume was observed in mice given PBS and the plasmid control group 24 days after tumor injection. The first death occurred on day 40 in tumor-challenged mice treated with Tat-survivin/IL-15, compared to day 35 in the Tat-survivin/ plasmid without IL-15 group and day 30 in the PBS group.
Tat was also often used to deliver protein in DNA-free vaccines. Yu and Yonghua designed a fish vaccine that was constructed by the fusion protein of Tat and Sia10 [89] . Sia10 is a putative secretory antigen identified from the pathogenic Streptococcus iniae (S. iniae) strain, which is capable of infecting a wide range of fish species and causing outbreaks in fish farms [90] . Fish (Japanese flounder) were immunized with recombinant Tat-Sia10 (Tat was fused to the N-terminal of Sia10), Sia10 and PBS, separately. Significantly enhanced macrophage activation and peripheral blood leukocyte proliferation were detected in rTAT-Sia10 vaccinated fish in comparison with fish treated with rSia10 and PBS. Subsequently, fish vaccinated with rTAT-Sia10 were challenged with a lethal dose of S. iniae at different challenge times: one or two months post-vaccination. Significantly lower accumulated mortalities were observed in rTAT-Sia10 vaccinated fish (2% in 1 month challenge and 6% in 2 months challenge) compared to rSia10 (one month: 36%; two month: 34%) and PBS (one month: 84%; two month: 72%) vaccinated fish. Moreover, rTAT-Sia10 vaccinated fish produced significantly higher Sia10-specific serum antibodies than rSia10 vaccinated fish. Transcriptional analysis also showed an up-regulated expression of the genes encoding IL-1β, IL-8, NK, IgD, IgM, TNFα, MHC Iα, MHC IIα, and CD8α in fish administrated with rTAT-Sia10.
The vaccine candidate against the hepatitis B virus has been designed with Tat. Chen et al. concluded that the replication of the hepatitis B virus could be significantly inhibited by fusing Tat with hepatitis B virus core antigen (HBcAg) [91] . HBcAg, Tat and maltose binding protein (MBP) were cloned into a plasmid and then transcribed in Escherichia coli (E. coli) to produce MBP-HBcAg-Tat fusion protein.
MBP as a protein expression tag can improve the solubility of fusion protein and protect against proteolysis. In an in vivo study, anti-HBc IgM antibody production was strongly enhanced in mice immunized with MBP-Tat-HBcAg compared to MBP-HBcAg, while no specific anti-HBc antibodies were detected in Tat and PBS immunized mice. Furthermore, mice vaccinated with 40 µg MBP-Tat-HBcAg not only produced high levels of cytokine (IFN-γ, IL-2, IL-4, IL-10) in splenocytes, they also exhibited significantly higher percentages of HBcAg-specific IFN-γ + CD8 + T cells compared to mice treated with MBP-Tat, MBP-HBcAg and PBS. An immunization trial was then performed on HBV transgenic mice, which, as a model of chronic HBV infection, have immune tolerance to HBV encoded antigens. HBV transgenic mice immunized with 50 µg MBP-Tat-HBcAg produced a higher level of CD8 + IFN-γ T cells and significantly reduced titers of serum HBsAg and HBV DNA levels in comparison to MBP-HBcAg and PBS immunized mice. This effect was even more significant when the higher dose of MBP-TatHBcAg (100 µg) was applied.
White spot syndrome virus (WSSV) is a highly pathogenic virus that can infect crayfish and crabs. VP28 is one of WSSV's major envelope proteins that play a crucial role in WSSV infection. A recombinant protein based-oral subunit vaccine [92] was constructed by the expression of recombinant plasmids encoding antigen VP28 gene and Tat sequence in E.coli host. Hemolymph supernatants of orally immunized crayfish (Cambarus clarkia) were collected to detect immune-related enzyme activities. Crayfish fed with Tat-VP28 showed higher phenoloxidase and superoxide dismutase activity than VP28 treated crayfish. The vaccination's effectiveness was demonstrated when crayfish were challenged with 100 µL of a WSSV solution after the last day of feeding. As a consequence, the highest relative percent survival (RPS) was observed in the Tat-VP28 immunized group (63% at 7 days, and 68% at 14 days) compared to the RPS of crayfish fed with VP28 (44% at 7 days, and 54% at 14 days). The vaccination's effectiveness was demonstrated when two sets of crayfish were challenged with 100 µL of a WSSV solution after feeding them with vaccine for 7 days and 14 days, respectively. As a consequence, the highest RPS was observed in the Tat-VP28 immunized group (63 % at 7 days feeding, and 68% at 14 days feeding) compared to the RPS of crayfish fed with VP28 (44% at 7 days feeding, and 54% at 14 days feeding). Subsequently, another two sets of crayfish were vaccinated by feeding them for 14 days and then challenged with WSSV on days 3 and 7 after last day of feeding. Tat-VP28 immunized group resulted the highest RPS (59% and 47%) compared to VP28 (41% and 33%).
Kronenberg et al. reported a Tat-fusion protein vaccine against Leishmania major [93] . LACK (Leishmania homolog of receptors for activated C kinase) was demonstrated as an antigen against Leishmania, which is a T cell epitope, and showed a protective effect against Leishmania challenge.
DCs were pulsed with Tat-LACK protein (Tat-LACKpulsed DCs) to primarily induce strong CD4-dependent immunity. In both in vivo and in vitro studies, more efficient proliferation of Leishmania-specific CD8 + T cells was achieved with Tat-LACK-pulsed DCs, when compared with DCs incubated with LACK alone (LACK-pulsed DCs). Moreover, Tat-LACK-pulsed IL-12p40-deficient DCs failed to protect vaccinated mice from L. major infection, which indicated that the release of IL-12p40 from DCs is crucial for Tat-LACK mediated immunity against L. major.
In an attempt to develop an anti-tuberculosis vaccine, Dong et al. constructed plasmid expressing the recombinant fusion protein of antigen Ag85B gene and Tat, which was subsequently transferred into E. coli to produce fusion proteins (Tat-Ag85B) [94] . Ag85B is a major protein secreted by all Mycobacterium species and is responsible for inducing protective responses against Mycobacterium tuberculosis (MTB). Mice immunised with Tat-Ag85B produced higher levels of Ag85B specific IgG, IgG2a and cytokine (IFN-γ and TNFα) than mice immunised with Ag85B and PBS five months after the final vaccination. Moreover, two months after mice were challenged with MTB H37Rv (a virulent MTB strain), MTB loads in the lungs and spleen were significantly reduced in Tat-Ag85B-treated mice compared to those in Ag85B vaccinated mice. Similarly, Huang et al. prepared a recombinant construct, Tat-HDAg (Hepatitis delta antigen) as a fusion protein expressed by E. coli [95] . Immunisation with Tat-HDAg inhibited Hepatitis D virus assembly and secretion in in vitro liver cancer cell lines and in vivo mice model.
Polyarginine
Polyarginine ( Table 1) is an artificial cationic CPP designed based on the Tat sequence and exhibits translocation properties similar to Tat [63] . Polyarginine is a popular drug carrier; however, it was found to also have application in vaccine delivery. For instance, Sakuma et al. indicated that polyarginine-modified polymer (N-vinylacetamide-coacrylic acid, PNVA-co-AA) is a potential antigen carrier that induces humoral immunity following intranasal administration [96] . Immunization with polyarginine-PNVA-co-AA containing OVA antigen showed a significant enhancement in the production of OVA-specific IgG and IgA in the serum and the nasal cavity, respectively, compared to PBS and OVA. However, OVA adjuvanted with CTB was superior to polyarginine-PNVA-co-AA-OVA in enhancing antibody production. In contrast, mice immunized with polyarginine-PNVA-co-AA containing antigenic influenza virus hemagglutinin (HA) protein induced both mucosal and systemic immune responses against influenza virus, similar to those of HA protein administered with CTB. Upon introduction of linker between polyarginine and PNVA-co-AA further, increase of HA protein-specific IgA titers was observed [97] .
Similarly, Nakamura et al. reported the antigen delivery potential of polyarginine-modified liposome (polyarginineLip) using OVA as an antigen. polyarginine-Lip-OVA induced significantly higher MHC-I antigen presentation than OVA, conventional pH-sensitive Lip-OVA and cationic Lip-OVA [98] . To evaluate the effectiveness of polyarginineLip-OVA in vivo, immunised mice were inoculated with OVA tumors. polyarginine-Lip-OVA produced a significant tumor inhibitory effect in comparison to no treatment, OVA, and polyarginine-Lip treated groups. Subsequently, α-galactosylceramide (αGC) as an adjuvant was added to polyarginine-Lip, which was further modified with polyethylene glycol (PEG) to improve stability and suppress non-specific interactions [99] . αGC is a synthetic glycolipid that can activate natural killer (NK) T cells to produce large amounts of IFN-γ. Liposomes with 2 mol% PEG content and a size of around 250 nm stimulated the most efficient IFN-γ production in vitro. Furthermore, the antitumor effect of optimized αGC/polyarginine/PEG-Lip was evaluated by treating mice with a highly malignant and metastatic type of melanoma (B16 melanoma cells) four days before immunization. Lung metastasis was significantly inhibited in αGC/polyarginine/ PEG-Lip-treated mice, while no significant inhibition was exhibited in mice that received αGC only or no treatment. However, vaccine candidates were not compared to antigen delivered with standard adjuvants, e.g. CTB, in above studies.
Wang et al. have recently developed a novel vaccine carrier peptide Cys-Trp-Trp-(Arg) 8 -Cys-(Arg) 8 -Cys-(Arg) 8 Cys, which bound to an antigen protein (OVA) via electrostatic self-assembly to form nanocomposites (peptide/OVA) [100] . The nanocomposite was stabilized by the spontaneous oxidization of the cysteine thiol moieties, which formed disulfide bond cross-links. The construct was more efficiently uptaken by DC than OVA, and induced stronger humoral and cellular immune responses than OVA alone, however, weaker in comparison to OVA adjuvanted with Complete Freund's Adjuvant (CFA). Similarly, Zhang et al. demonstrated that polyarginine containing nanoparticles loaded with recombination urease subunit B (rUreB) are more efficient in induction humoral immune responses against Helicobacter pylori infection than rUreB antigen alone upon oral delivery [101] .
Penetratin
Penetratin peptide, also known as antennapedia transduction sequence (Antp), is natural cationic CPP derived from the homeodomain protein of Antennapedia. One of the earliest uses of penetratin in peptide-based vaccine design was reported by Marie-Paule et al. to enhance tumor antigen percutaneous delivery [102] . Biotinylated penetratin-linked antigenic OVA peptide was applied on one side of a mouse's ear. Skin biopsies indicated that OVA peptide was distributed uniformly on the skin surface of mice receiving this peptide, and no obvious penetration into deeper layers of the epidermis or the dermis was observed. In comparison, penetratin-OVA peptide stimulated penetration of OVA across the skin surface. Mice epicutaneous immunization with penetratin-OVA elicited a high level of OVA-specific CD8 + T cell response compared to mice treated by an equimolar amount of OVA alone. The addition of adjuvant (cholera toxin) to OVA slightly increased the level of antigen-specific CD8 T cells, but this level was still lower than those observed in mice immunized with penetratin-OVA. Different routes of administration of penetratin-associated peptide were subsequently examined. Epicutaneous immunization with penetratin-OVA efficiently induced OVAreactive CD8
+ T cells producing IFN-γ, whereas OVAreactive CD8 + T cells were not detected in mice subcutaneously or intraperitoneally immunized with penetratin-OVA. The efficacy of the delivery system was improved with the addition of CpG-ODN, a DNA-based adjuvant. Almost all mice immunized epicutaneously with penetratin-OVA-CpG-ODN remained tumor free for 30 days after subcutaneous injection of OVA tumors to mice on day 16 after the last immunization. In contrast, mice epicutaneously immunized with penetratin-OVA and OVA-CpG ODN and challenged with tumors exhibited only very limited tumor-protective effect. Also, Dodie et al. demonstrated that penetratin in a nasal vaccination system could significantly delay the growth of OVA tumors [103] and Muto et al. reported that penetratin can improve humoral immune responses. Intranasal coadministration of penetratin with influenza antigen enhanced the production of systemic IgG and nasal mucosal IgA in comparison to immunization with influenza antigen only [104] .
Brooks et al. chemically synthesized tripartite peptide (AntpMUC1tet), which consists of a penetratin, a single variable number of tandem repeat of the mucin 1 (MUC1) antigen and a tetanus toxoid universal CD4 T helper epitope peptide (tetCD4) [105] . MUC1 is a type I transmembrane glycoprotein, and have been widely used as targets for cancer vaccines [106] . In in vivo challenge study, mice were immunized with PBS, AntpMUC1tet and AntpMUC1tet/CpG and then challenged with B16-MUC1 cells seven days after last immunization. AntpMUC1tet/CpG immunized group showed a significant delay in tumor growth. However, no apparent inhibition of tumor growth was observed in mice immunized with AntpMUC1tet. Besides, AntpMUC1tet/ CpG induced a higher level of IFN-γ and IL-4 production and long term immune responses in mice compared to nonadjuvanted AntpMUC1tet.
VP22
Amphipathic CPPs contain both polar (hydrophilic) and nonpolar (hydrophobic) regions. They are often chimeric peptides that are formed through the conjugation of a hydrophilic domain with a hydrophobic domain. For instance, the sequence of MPG (Table 1) (GALFLGWL GAAGSTMGAPKKKRKV) was devised based on the highly hydrophilic simian virus 40 nuclear localization sequence (CGYGPKKKRKVGG) and a hydrophobic sequence that originated from the fusion sequence of HIV gp 41 [36] . There are also some natural amphipathic CPPs, such as pVEC ( Table 1) , which are derived from vascular endothelial cadherin protein [39] . Some amphipathic CPPs have a unique tridimensional structure, e.g. helical conformation, formed by the presence of hydrophilic and hydrophobic residues on different sides of the helix (e.g. model amphipathic peptide, MAP). Currently, VP22 (Table 1) , derived from HIV-1, is the most commonly used amphiphilic CPP in vaccine delivery. When fused to a protein of interest, VP22 was able to spread antigenic protein to cells neighboring the transfected cells [107] . This unique property of spreading protein to many surrounding cells makes VP22 ideal for overcoming the poor spreading limitation of DNA vaccines.
The vaccine application of VP22 is mainly focused on DNA vaccine delivery, with some of the earliest investiga-tion carried out by Cheng et al. The capability of VP22 to enhance linked protein spreading was successfully demonstrated by the generation of several DNA constructs (E7/GFP, VP22/GFP, VP22/E7/GFP, and VP 221-267 /E7/GFP) with a mammalian cell expression vector (pcDNA3) [108] . VP 221-267 is a mutant version of VP22 that lacks 34 Cterminal residues and is unable to trigger intercellular spread. A significant spread of green fluorescent protein (GFP, which is used as a marker to track intercellular spreading) in cells transfected with VP22/E7/GFP DNA was exhibited compared to cells transfected with E7/GFP or VP 221-267 /E7/GFP DNA. The correlation between significant spreading and antigen-specific T cell activities was examined in vivo. Mice vaccinated with pcDNA3-VP22/E7 exhibited a dramatic increase (around 50-fold) in the number of E7-specific IFN-γ + CD8 + T cell precursors compared to mice that received pcDNA3-wild-type E7 only. Mice vaccinated with pcDNA3-VP22/E7 had increased CTL activity compared to mice vaccinated with pcDNA3 (no insert), pcDNA3-VP22, and pcDNA3-E7 only. In an in vivo tumor protection study, mice were challenged with TC-1 tumor cells seven days after the last vaccination. No tumor cells were detected in mice vaccinated with pcDNA3-VP22/E7 63 days after the tumor challenge. In contrast, all of the mice from unvaccinated, pcDNA3 (no insert), pcDNA3-VP22 and pcDNA3-wild-type E7 groups developed tumors within 14 days. The therapeutic potential of VP22/E7 in treating TC-1 tumor metastases in the lungs has also been investigated. Mice were immunized three days after challenge with TC-1 tumor cells. Mice receiving pcDNA-VP22/E7 showed the lowest number of metastatic pulmonary nodules in comparison to mice that received pcDNA3-E7, pcDNA3-VP22 and the mixture of VP22 and E7 DNA. In an in vivo antibody depletion study, the depletion of lymphocyte subsets (CD4, CD8, and NK 1.1) was started one week before tumor challenge, which was performed after immunization. All mice without depletion and depleted of CD4 + T cells remained tumor-free 63 days after tumor injection. In contrast, parts of mice (40%) depleted of NK 1.1 exhibited tumor growth six weeks after the tumor challenge, whereas all mice vaccinated with pcDNA-VP22/E7 and depleted of CD8 + T cells and mice without immunization showed tumor growth within 14 days after tumor injection, indicating that the induced antitumor effect was CD8 dependent.
Cheng et al. explored Sindbis virus (SIN)-based replicon particle encoding VP22 linked to antigen E7 (SIN-VP22/E7) [109] . Sindbis virus is a promising alphavirus with vectors widely used in the development of gene and vaccine therapy. Mice injected intramuscularly with SIN-VP22/E7 produced more E7-specific CD81 T cells than those immunized via intraperitoneal and subcutaneous administration. When a TC-1 tumor challenge was performed one week after vaccination, all mice immunized with SIN-VP22/E7 remained tumor-free 60 days post tumor challenge. In comparison, all mice treated with SIN-E7, SIN-VP22 and control SIN exhibited tumor growth within 20 days. Mice immunized with SIN-VP22/E7 three days after tumor challenge showed a significantly lower mean number of pulmonary nodules than tumor-bearing mice treated with SIN-E7 and SIN-VP22. Resistance is a major problem in developing antimicrobial therapy against Pseudomonas aeruginosa (P. aeruginosa). Thus, Yu et al. designed a recombinant DNA vaccine [111] that incorporated VP22 against P. aeruginosa infection. A DNA vaccine vector, pVAX1, was designed to encode the antigen OprF gene that was fused to either the carboxyl terminal or the amino terminal of VP22. OprF is the antigenic surface protein of P. aeruginosa and is considered to be a selective immunogen against P. aeruginosa infection. Cells transfected with pVAX1-OprF-VP22 expressed a higher level of OprF protein than those with pVAX1-VP22-OprF, pVAX1-OprF or pVAX1-VP22. Furthermore, mice vaccinated with pVAX1-OprF-VP22 produced significantly higher OprF-specific antibody titers than those elicited by pVAX1-VP22-OprF and pVAX1-OprF. Four weeks after DNA vaccine administration, mice were challenged with a lethal dose of P. aeruginosa. Mice that received pVAX1-OprF-VP22 showed better survival rates (75% on day 8, 40% on day 10) than mice injected pVAX1-OprF (50% on day 7) and pVAX1-VP22-OprF (50% on day 8). Similarly, promising immune responses were also observed in mice immunized with plasmid DNA encoding VP22 and influenza virus nucleoprotein (NP) gene, a widely used antigen for influenza vaccines. Mice immunized with pVP22/NP exhibited the highest survival rate following intranasal challenge with H1N1 and H3N2 strains of influenza virus two weeks after final immunization compared to plasmid only, plasmid encoding NP and plasmid encoding VP 221-267 /NP treated mice [111] . Other infection studies also demonstrated the promising potential of VP22/DNA vaccine strategies against bovine herpesvirus 1 [112, 113] and porcine reproductive and respiratory syndrome virus [114] .
Other CPPs
Pep-1 peptide (Table 1 ) is a 21-residue amphipathic CPP consisting of a hydrophilic lysine-rich domain originated from SV40 NLS, a hydrophobic tryptophan-rich domain, and a spacer domain that improves the integrity and flexibility between the hydrophilic and hydrophobic domains. Pep-1 is used as a carrier to deliver various macromolecules in drug delivery. In vaccine delivery, Pep-1 improved the delivery and desired intracellular localization of antigenic proteins. For example, Mardani et al. developed a nanoparticle-based HPV vaccine incorporating Pep-1 peptide [115] . E7 protein/Pep-1 peptide complex was mixed at a ratio of 1/20 to form nanoparticles with average diameters ranging from 120 to 250 nm. Mice that received E7/Pep-1 produced higher levels of E7 specific-IgG, IgG1and IgG2a compared to mice immunized with E7, Pep-1 and PBS. Mice were then challenged with tumors three weeks after the last vaccination. Mice immunized with E7 alone remained partially tumorfree (40%) on day 40 post-challenge, while most mice immunized with E7/Pep-1 remained tumor free (80%). Tumor growth was observed in all mice immunized with Pep-1 and PBS on day 12 post-challenge. Importantly, mice immunized first with E7/complete Freund adjuvant (50:50 v/v) followed by two boosters with E7/incomplete Freund adjuvant (50:50 v/v) exhibited a similar protective effect against tumor growth.
MPG is an amphipathic CPP designed based on the sequence of SV40 NLS and fusion sequence of the HIV glycoprotein 41. Saleh et al. demonstrated an efficient MPG-based gene delivery system against HPV infection [116] . The complex of MPG peptide/plasmid encoding antigen E7 gene at the ratio of 10/1 was produced. In a cell transfection assay, PEI/pE7 as the positive control showed similar E7 transfection efficacy with MPG/pE7. Two weeks after the final immunization, mice were challenged subcutaneously with tumors; a complete regression of tumor growth was observed in mice that received MPG/pE7. In comparison, all mice immunized with PBS, MPG, and pE7 developed tumors on days 21, 25 and 35, respectively. When the tumor challenge was performed one week before administration, mice immunized with MPG/pE7 exhibited complete tumor regression and were tumor-free 70 days after challenge. In contrast, all mice developed tumors by day 45 post-challenge when treated with MPG, pE7, and PBS. However, no commercial adjuvant was used in any of the control groups.
CONCLUSION
Subunit vaccines require potent adjuvants to overcome their poor immunogenicity, improve antigen uptake by APCs and stimulate antigen-specific cellular and humoral immune responses. Currently licensed adjuvants are often toxic and have limited effectiveness. CPPs are typically short peptides that have the capacity to facilitate antigen translocation through the cell membrane and, therefore, enhance antigen uptake, processing and presentation by APCs, which is the initial step of evoking an immune response. Since CPPs are cheap, easy to manufacture and usually non-toxic, they are attractive components of vaccine delivery systems. Among them, Tat has been most intensively studied. CPPs VP22 polyarginine and penetratin were also able to significantly improve vaccine efficacy. In general, CPPs facilitated the delivery of protein-based antigens and DNA material in vitro and in vivo in murine studies. Moreover, CPPs have also been used to formulate and deliver adjuvants. However, many studies reviewed here did not use positive controlsantigen administered with a known adjuvant-and, therefore, the real efficacy of these CPPs was not determined. When adjuvant was used in vaccine formulation, CPPs were applied rather as a co-stimulant than adjuvant replacement. Nevertheless, the incorporation of CPPs in vaccine formulation usually resulted in improved immune responses. Thus, even if CPPs do not replace classical adjuvants, they can still improve adjuvant effectiveness and/or reduce the quantity of adjuvant needed to achieve desired immune responses.
The other limitation in wider CPP application for vaccine delivery is the mechanism of how CPP-cargo is internalized, which still remains unclear. The types of CPPs, carried cargos, cell types and CPP concentration all affect the mechanism of cellular uptake and subsequent processing. Though, it is widely recognised that the uptake pathways of CPPs are generally possible by both non-endocytic and endocytic pathways, and, therefore, CPPs can stimulate both cellular and humoral immune responses. Considering this, a more detailed investigation is required to determine the factors that influence the CPP penetration process.
Importantly, CPPs demonstrated promising efficacy in clinical trials when used for drug delivery purposes. Therefore, we can expect that vaccine formulation bearing CPPs will reach the clinical testing phase soon. The unique penetrating ability of CPPs and their ability to deliver various antigens provides reliability for a wide range of vaccine applications; however, there are still many knowledge gaps, which first need to be filled. 
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